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R147It might be interesting to test this
prediction by studying the base
extrusion processes on DNA molecules
underwound by, for example, optical
tweezers.
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DOI: 10.1016/j.cub.2009.12.046Biological Rhythms: The Taste–Time
ContinuumThe gustatory system allows the fly to assess food quality, eliciting either
acceptance or avoidance behaviors. A new study demonstrates that circadian
clocks in gustatory receptor neurons regulate rhythms in taste sensitivity, drive
rhythms in appetitive behavior and influence feeding.Joshua J. Krupp and Joel D. Levine
The fruit fly, Drosophila melanogaster,
relies extensively on chemosensory
cues (smell and taste) to guide both
feeding and mating behavior; in this
regard the fly may not be entirely unlike
you or me. Sensitivity to chemosensory
stimuli, however, is not a fixed
parameter. The detection gain to
various stimuli, in particular to
odorants, varies with time of day
in a manner dependent upon an
endogenous circadian clock
mechanism [1–3]. The distributed
system of circadian clocks — including
central pacemaker neurons in
the brain and specialized clock
cells in peripheral organs and
tissues — integrates timing cues to
synchronize cellular physiology and
metabolism with behavior [4]. While it
is well established that chemosensory
systems, such as olfaction, are undercircadian regulation [1–3], the
influence of this regulation on
chemosensory-guided behavior has
not been explored. In this issue of
Current Biology, Chatterjee et al. [5]
examine the circadian regulation of
the gustatory system in Drosophila.
In doing so, the authors reveal
aspects of a genetic mechanism in
which circadian oscillators within
gustatory neurons locally regulate
taste sensitivity, drive rhythms in
appetitive behavior and influence
feeding.
In flies, gustation is mediated by
sensory neurons housed within
specialized chemosensory bristles or
sensilla, some of which are located
on the proboscis [6]. The presence of
light-entrainable oscillators within the
proboscis was demonstrated over
a decade ago [7]. It was hypothesized
that the oscillators and the gustatory
neurons were one and the same,and that taste sensitivity was under
circadian regulation. However, neither
the neuronal identity of the cells
nor the function of the clock was
confirmed. Chatterjee et al. [5]
demonstrate that the gustatory
receptor neurons (GRNs) are indeed
circadian clock cells. The GRNs
show rhythmic expression of the gene
Pdp1, a characteristic of clock cells.
Moreover, the GRN clock drives
circadian rhythms in tastant-evoked
electrophysiological responses.
Single-sensillum recordings
demonstrated diurnal and circadian
rhythms in the response properties
(i.e., voltage spike activity) of individual
GRNs, with a morning peak and
evening trough. This corresponds
closely with the reported rhythm in
feeding [8], a behavior initiated by
gustatory stimulation. Similar
response profiles were observed in
two classes of taste-specific GRNs,
suggesting that synchronization of
GRN activity may occur independently
of the particular taste to which it is
tuned. Interestingly, the temporal
structure of gustatory responses is
almost antiphase to odor-evoked
olfactory activity [1,2]. Thus, the
relative weight of these two
chemosensory systems in affecting






Figure 1. The proboscis extension reflex (PrER), a taste-evoked appetitive behavior in
Drosophila.
The gustatory system endows the fly with the ability to detect contact-chemical cues, such as
food-related tastants and non-volatile pheromones [12]. Mediated by sensory neurons housed
within specialized chemosensory bristles or sensilla located on the proboscis (as well as on
the legs, wings, and female genitalia), gustatory information is used to appraise the quality
of food and potential mates, and can elicit either acceptance or avoidance behaviors. The
PrER is a classic example of such a behavior, in which the fly extends its mouth parts in an
attempt to feed [9]. Shown here, PrER is being elicited by the application of 100 mM sucrose
solution to the gustatory sensilla on the labella of the proboscis; the time of the response after
stimulation is displayed. The ability to monitor the electrophysiological responses of individual
gustatory neurons, along with the availability of genetic means to manipulate these cells while
monitoring the behavioral consequences, has made the Drosophila gustatory system a power-
ful model system to explore the circadian regulation of sensory processing and its influence on
taste-driven behaviors.
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or courtship and mating, appear
to be opposed in time.
The GRNs mediate a tastant-evoked
appetitive behavior, the proboscis
extension reflex (PrER; Figure 1) [9].
To assess the role of the GRN clock on
appetitive behavior Chatterjee et al. [5]
measured PrER as a function of time,
and found that behavioral rhythms
paralleled the rhythm in the
electrophysiological responses of
the GRNs. Importantly, the temporal
pattern in PrER reflects circadian
changes in the sensitivity of the
GRNs. In a set of elegant experiments
using genetic techniques targeting
the GRNs specifically, the peripheral
GRN clock was demonstrated to be
both necessary and sufficient to
drive PrER rhythms. These exciting
results demonstrate that the
circadian regulation of appetitive
behavior occurs at the level of
taste-reception within the gustatory
signal transduction pathway.
Chatterjee and colleagues [5] next
focused on the G-Protein Receptor
Kinase 2 (GPRK2), a known regulator
of circadian responses in olfactory
sensory neurons (OSNs) [10,11].
Clock-dependent rhythms in GPRK2
expression positively control rhythms
in the dendritic localization of olfactory
receptors, which in turn regulate
the excitable properties of the cell
membrane influencing olfactory
responses [11]. Similar to the olfactorysystem, GPRK2 protein is rhythmically
expressed in GRNs of the proboscis,
where the phase of cycling parallels
that observed in the OSNs, i.e.,
day-time trough and night-time peak.
Contrary to its role in olfactory
responses, however, the oscillation
of GPRK2 expression within the GRNs
runs nearly antiphase to daily rhythms
in tastant-evoked spike activity and
appetitive behavior, indicating that
GPRK2 plays an inhibitory role in
gustatory receptor signalling. This
was confirmed by measuring PrER
responses in flies with altered
expression levels of GPRK2 or the
gustatory receptor GR64 (e.g., high
levels of GPRK2 or low levels of
GR64 reduce PrER). These results
are consistent with a model in which
GPRK2 regulates gustatory responses
by reducing gustatory receptor (GR)
activity, possibly by inhibiting GR
distribution to the sensory dendrite.
Moreover, GPRK2 might differentially
regulate the phase of daily rhythms
in sensitivity to various olfactory
and gustatory stimuli.
The authors also examined food
ingestion and metabolic activity to
determine the importance of the GRN
clock to feeding behavior. Otherwise
normal flies with disrupted GRN clocks
displayed a surprising range of
metabolic and behavioral phenotypes,
including increased food intake,
carbohydrate and lipid storage,
and locomotor activity (a phenotypepossibly related to increased foraging
behavior). This repertoire of effects
resembles the starvation response
in flies, thus demonstrating the
importance of the temporal regulation
of the gustatory system on fly
physiology.
Many interesting questions follow
from this study. One of these concerns
the degree to which the synchronized
activities of GRNs drive the timing
of specific tastant-driven behaviors.
Do sensory neurons involved in
influencing the same behavior keep
the same time? Indeed, several GRs
appear to be primarily involved in
the contact chemosensation of
nutritive tastants (i.e., sweet and
bitter), while others are involved in
pheromone detection [12,13]. Future
studies evaluating the temporal
responses of these different classes
of GRNs are required to determine
if such sensory differences are
reflected as differences in the timing
of sensitivity rhythms. More generally,
the role of circadian clocks in
chemosensory function implies
cross-talk between circadian
gustatory and olfactory signals. If
so, where and how are signals
from these two sensory systems
combined in the brain?
Another question relates to the
plasticity of chemical communications.
A recent study unambiguously
demonstrated the importance of
pheromones and the cells primarily
responsible for their production, the
oenocytes, in mate recognition [14].
A circadian clock in the oenocyte
regulates the rhythmic production
and display of pheromones [15].
Interestingly, the social environment
alters the timing of both pheromonal
displays and mating behavior [15].
That both the olfactory and gustatory
systems are involved in the reception
of volatile and non-volatile
pheromones, respectively, and are
similarly under circadian regulation,
further indicates the complex role
that chemical communications play
in influencing social behaviors [16,17].
It will be interesting to determine
how the social environment affects
the gustatory and olfactory systems.
Recently, the expression of
chemosensory receptors was
reported to be altered by social
interactions [18]. While it is unclear
how such changes affect the activity
of sensory neurons or how it may relate
to social behaviour, these issues
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R149nevertheless define fertile ground for
future study.
The neurogenetic approaches
unique to Drosophila have been
instrumental to our understanding
of both circadian biology and
chemosensory processing [6,19].
Although our understanding of the
underpinnings of the molecular
clock mechanism has outpaced
the particulars related to its output
pathways, it is clear that the circadian
clock is a pervasive biological
phenomenon. While this paper is not
the first to report circadian regulation
of a chemosensory system, it is the first
to directly examine the behavioural
consequences of such control. The
modus operandi for examining the
circadian control of behavior has been
heavily biased toward the central clock
in the brain. This and other recent
studies have demonstrated the
importance of peripheral clocks in
influencing behaviour; moreover, they
suggest that Paul Hardin was correct
twenty years ago when he and his
mentors first suggested that the fly
remains in synch with itself as well as
its environment via an autoregulatory
feedback loop that integrates across
multiple levels to keep time — from
molecular pathways up to behaviour
and back [20] — not unlike you and me.References
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for Acid-Labile TRPsOur mechanistic understanding of phototransduction in the Drosophila eye
is still rudimentary. Recent work demonstrates that a combination of
phosphoinositide depletion and microvillar acidification is sufficient to activate
light-sensitive TRPC channels.Thomas Gudermann*
and Michael Mederos y Schnitzler
Cation-permeable ion channels of
the transient receptor potential (TRP)
family have emerged as versatile
cellular sensors expressed in nearly
every cell of a living organism [1,2].
The repertoire of sensory roles
attributed to TRP channels has been
increasing continuously over the past
years and now includes vision,
thermoperception, olfaction, taste,
hearing, and touch [3]. Therefore, it
did not come as a surprise thatmalfunctioning TRP channels are
causally involved in various hereditary
and acquired human diseases and are
regarded as promising therapeutic
targets for a variety of indications [4–6].
Following the completion of the
diverse genome projects, it has
become clear that TRP channels
are conserved throughout animal
phylogeny. Mammals express 28
distinct family members, while worm
and fly genomes code for 17 and 13
TRP channel proteins, respectively [3].
On the basis of primary sequence
comparisons, the 28 human geneproducts can be assigned to seven
subfamilies (TRPC, TRPV, TRPM,
TRPA, TRPN, TRPP and TRPML) [7],
all of which can also be discerned in
Drosophila, underscoring common
evolutionary relationships.
In Drosophila photoreceptor cells
light perception and transduction takes
place in the tightly packed microvilli
that form the rhabdomere (Figure 1)
and phototransduction is initiated by
the light receptor rhodopsin, which
engages a Gq-coupled, phospholipase
Cb (PLCb)-dependent signaling
cascade that results in a light-induced
current (Figure 1B, right panel). The
spontaneously occurring trp
Drosophila mutant displays only
a transient receptor potential despite
constant illumination. Subsequently
the trp locus was identified and the
gene was cloned more than 20 years
ago [8,9]. TRP and its close homologue
TRP-like (TRPL) became the founding
members of a large family of
